ABSTRACT
Introduction
Powder injection molding (PIM) is a competitive manufacturing technology for producing geometrically complex parts from a wide range of metallic and ceramic materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The processes including mixing, molding, debinding and sintering are dependent upon the types of binder used. In the mixing step, the powder is dispersed in an organic vehicle, which is called binder. These binders normally are multicomponent systems, composed of a thermoplastic with high molecular size and a second component, constituted by a low molecular size polymer. The first component supplies the strength in the green stage, while the second gives the required flowability to the mixture for the injection purpose. The resulting feedstock (comprising of powder and binder) is then injected into a shape-forming mould cavity. Once obtained the injected parts, named green piece, it is necessary to remove the binder. The debinding step requires the largest processing time and normally in this step most of the defects, such as blistering, cracking and bloating form. In order to reduce the debinding time and to make defect free parts, different debinding techniques have been developed, including thermal, capillary, solvent, catalyzed and subsequent combinations of these. Finally, the debounded part is sintered to achieve the required mechanical properties.
In the particular case of ceramic materials, this process has been widely studied in structural materials such A1 2 0 3 [3] [4] [5] or Zr0 2 [6] [7] [8] ; however, few papers about PIM of ferrites have been published [9] [10] [11] [12] .
In general, PIM parts have better properties than specimens fabricated by conventional powder technology [13] . In the particular case of ferrites, there is scarce information available in the literature, and only exist a few references related to mechanical properties in ferrites [14] . On the other hand, ferrites are soft magnetic ceramic material used in plenty of electronic displays where high permeability and low loss are the main requirement [14] . There are three important types of commercial spinel ferrites: Mn-Zn, Mg-Ni and Ni-Zn; most of these are processed by compaction and extrusion, but nowadays the electronic industry increasingly demands small components with complex geometries.
This experimental work focused on the effect of the sintering temperature on the microstructure and magnetic behavior (initial permeability and magnetic losses) of Ni-Zn specimens prepared by powder injection molding. The effect of the powder loading of feedstock on the mechanical properties of this ferrite has been carried out. For every experimental condition, all the properties of PIM samples studied have been compared with those of uniaxially compacted specimens.
Experimental procedure

Materials
The starting raw material was a granulated pre-sintered Ni-Zn Ferrite powder which is normally used for the industrial manufacturing of ferrites by uniaxial pressure. This powder is a pre-sintered mixture of Fe 2 0 3 , NiO and ZnO. SEM images show that the powder is heavily agglomerated (5-500 urn) in large spheres (Fig. 1) . The binder used was a multicomponent system with two components: a backbone polymer that provides strength, and a low molecular weight component, which provides high flowability to the binder, decreasing the viscosity at the processing temperature.
Processing and experimental techniques
Two different manufacturing ways were used: powder injection moulding and uniaxial compaction. In the case of PIM, powder-binder mixtures were prepared by a twin-screw extruder Thermohaake Rheomex CTWTOOp with a temperature profile of 160-165-170 °C and a screw speed of 40 rpm. Before the mixture was introduced into the extruder, all the constituents were pre-mixed in a turbula mixer for 30 min. Three mixtures with different powder volume fractions were prepared (52, 55 and 58%) in the same conditions of temperature and screw speed. After extrusion samples were pelletized for use in an injection machine Arburg 220 S 250-60. The injection process was performed in a mould composed of 2 simple pieces: 3-point bend (for mechanical testing) and toroid (for magnetic measurements) parts, with volumes 2.28 and 0.84 cm 3 respectively. Prior to the sintering process, the polymeric part was removed by a combination of solvent and thermal debinding.
The uniaxial compaction specimens were fabricated with a dual effect pressing and 100 MPa of pressure, comparable with industrial conditions. The specimens were fabricated for three points bending test and in toroid form to measure the magnetic properties.
Finally, the toroidal specimens were sintered in air at different temperature, from 900 °C to 1300 °C for measurement of density and magnetic properties, and to observe the evolution of the microstructure. Three point bend specimens were sintered in air at 1250 °C to evaluate the mechanical properties. The sintered densities were determined using the Archimedes method; the magnetic properties of toroidal specimens (10.31 x5x3.45 mm outer diameter, inner diameter and depth respectively) (initial permeability and loss factor)
were measured, as function of frequency, at room temperature with a Hewlett-Packard LCR-meter HP4285A in toroids. Powder X-ray diffraction (XRD) patterns were recorded with Cu Ka radiation in an X'Pert Philips diffractometer. The microstructure was observed with a SEM Philips XL-30. The mechanical properties, elastic modulus, flexural strength, and fracture toughness, were measured in directly sintered prismatic bars (52x 10x2.5 mm length, width and thickness respectively). The elastic modulus was measured by resonance with an Mk5 Industrial of GrindoSonic apparatus. The flexural strength and fracture toughness were measured by three point bend tests (25 mm span for flexural strength and 20 mm span for fracture toughness tests) in a universal materials testing of Instron, model 8501, with a load cell of 1 kN capacity. Crosshead displacements during the tests were measured with an LVDT strain gauge (resolution ± 1 urn). All the tests were run under displacement control at a loading speed of 50 um/min; the load was applied with high purity alumina (99.7%) bars and cylinders. A straight notch, with 0.5 mm length and 80 um notch radius, was introduced with a diamond saw in the specimens for fracture toughness test.
Three-point bending strength was determined by applying Bernoulli's theory, while design failure was calculated from the general equation for notched beams proposed by Guinea et al. [15] . In addition, the fracture surfaces of the samples tested were examined under a JEOLJSM 6300 scanning electron microscope. Fig. 2 shows the evolution of the XRD patterns with sintering temperature for uniaxially compacted parts. The starting powder presents the main peaks of the Ni-Zn ferrite spinel phase and the most intense peaks of Fe 2 0 3 (stars in Fig. 2 ), indicating that most of the initial powder is the spinel. At sintering temperatures lower than 1250 °C some peaks remain which are associated to Fe 2 0 3 , and only in the XRD pattern for the sample sintered at 1250 °C can all the diffraction peaks be indexed using only the spinel crystal structure. This indicates that full reaction took place allowing the formation of the ferrite phase at 1250 °C The unit cell parameters refined from the XRD patterns were a = 8.3925 A, in good agreement with the reported value [14] . Fig. 3 shows the evolution of density as a function of sintering temperatures of injected samples with the higher loading powder (58% volume) and uniaxially pressed samples. In both samples the density increases almost linearly with the sintering temperature. However the sintered density of PIM samples is always higher than those of the uniaxially compacted specimens; theoretical densities higher than 90% were achieved at temperatures above 1200 °C. At the highest sintering temperature, 1300 °C, considerable grain growth was observed, indicating a clear oversintering, suggesting that unlike other ceramic systems, the characteristic plateau found in the sintering curves do not appear for Ni-Zn ferrites. Temperatures higher than 1300 °C were not tested due to the possibility of Zn losses as reported elsewhere [16] , Microstructures of cross-section of both samples (PIM with 58% in vol. powder loading and uniaxially compacted) at different sintering temperatures are shown in Fig. 4 . The black contrast areas correspond to pores while bright areas correspond to ferrite grains. As shown, the sintering temperature has great influence on the microstructure of both samples. Porosity decreases significantly with increasing sintering temperature. Alternatively, the micrographs show that the average grain size increases with sintering temperature. This growth is roughly homogeneous in the case of PIM samples, while in the case of compacted sample is more heterogeneous. Fig. 5 shows the evolution of the PIM (58% loading powder) and uniaxial samples permeability as a function of sintering temperature. Measurements were performed at 10 kHz on sample with toroidal shape. As expected, the permeability increases with the sintering temperature, though two different behaviours were found. Up to 1100 °C the permeability slightly increases with both samples (PIM and uniaxially compacted specimens) presenting the same values for each sintering temperature. The microstructural study revealed that up to this temperature the grain growth did not occur and the increased density could be correlated with the reduction of porosity; in Fig. 4 we can observe that at 1100 °C grain size in both samples show similar microstructures. Above this temperature, grain growth occurs and the initial permeability increases considerably. This increase is more significant in the case of PIM samples, since the average grain size is higher and also because the presence of pores decreases the permeability value appreciably. This effect has been also observed by Mahmud et al [17] , who demonstrated that the permeability decreased as grain size increases in samples with high porosity. In both PIM and uniaxially pressed samples, the optimum sintering temperature was 1250 °C since grain growth was observed at higher temperatures. Fig. 6 shows the relative loss factor, i.e. the ratio of the magnetic loss tangent (tan 6) to initial permeability (u). For high-frequency magnetic applications, high |aand low tan 6 are required. As shown in Fig. 6 , the relative loss factor of the material processed at 1250 °C is slightly higher in lower frequency range. This fact is attributed to higher permeability losses as a consequence of the porous structure of the material. Similarly, these losses are higher in the case of the compacted samples as a consequence of the higher porosity (about 14% versus 8%). It is well known that hysteresis loss increases with increased porosity [18] . Finally, we must emphasize that the values of relative loss factor found in the PIM are quite suitable for high frequency applications.
Results and discussion
Sintering of samples with the higher powder loading
Magnetic properties with maximum powder loading
Effect of powder loading on the mechanical behavior
The sintering process for the materials analyzed in this section was carried out in air at 1250 °C for two hours because this temperature turned out to be the most adequate, in order to increase bulk density and limit grain growth. As is well known, porosity has a strong influence on mechanical properties. In order to determine the influence of powder loading on the density (porosity) and mechanical properties, we obtained one sample by uniaxial compaction (reference) and three, with different powder loading (52, 55 and 58% in vol.) by injection moulding. As shown in Fig. 7 , PIM specimens had higher densities than the uniaxially pressed sample, and the maximum density was achieved for sample with a powder loading of 55% volume. In general, an increase in powder loading results in a decrease in porosity. The observation that samples with a powder loading of 58% present a 900 1000 1100 1200 1300 slightly lower density could suggest that maximum powder loading Sintering Temperature (   D   C) nas t> een exceeded. However, Powder Injection Moulding technology requires feedstock with high powder loading in order to achieve the The data are compared with that of the specimen prepared by uniaxial compaction. A good correlation between density of the sintered bulk material and elastic modulus was found. Maximum elastic modulus values were achieved for PIM samples with 55% powder loading. Even in PIM samples with similar density value to uniaxial compacted sample, the difference in elastic modulus is 30%. This fact could be related to PIM samples being more isotropic.
Figs. 9 and 10 show the variation of flexural strength and fracture toughness, respectively, of sintered specimens as a function of powder loading and fabrication technique. The flexural strength and toughness decreased with increasing powder loading. The PIM specimens with a powder loading of 52% and 55% have higher values than uniaxially pressed samples. These kinds of studies are scarce [19] , and normally the mechanical properties increase with powder loading and it could be related to the optimum powder loading, which in our case was achieved for 55%.
Two relevant facts can be seen, the first is that PIM-sample with a powder loading of 52% enhanced the flexural strength and fracture toughness by ca. 50% compared with the material processed by uniaxial compaction. This is a significant improvement, and cannot be justified only by a slight increase in the density of the bulk material. In contrast, the flexural strength and the fracture toughness decrease when the powder loading is increased. This drop is so large for the material with 58% powder loading that the flexural strength is even lower than that of the compaction specimen. In order to understand the results obtained from the mechanical characterization, the fracture surfaces of the broken specimens of all the materials tested were analyzed by scanning electron microscopy. In this way we have tried to correlate the microstructural aspects with the macroscopic mechanical behaviour of the materials.
For uniaxial compaction material it can be seen, Fig. 11 , that due to the sintering process there are small (about 1 urn) holes and cavities of a size around 20-25 urn. Additionally, in this case the fracture is mainly intergranular, since the grains are not well linked and each is surrounded by micropores. Both factors are responsible for the poor mechanical properties of this material.
In Fig. 12 it can be observed that in some cases pointed cavities appear, in which cracks are generated from the sharp corners, which also contribute to limit the mechanical properties of the compacted material.
PIM samples with 52 vol.% powder loading (Fig. 13 ) exhibit improved sintering behavior, with a more uniform distribution of smaller cavities (around 4 microns). Also, the microporosity between grains is reduced and the grain size is significantly smaller than for uniaxially compacted specimens. All these factors contribute to increased fracture toughness and flexural strength. Finally, as in the previous case, the fracture mode is mainly intergranular. Specimens sintering at 1250°C For PIM samples with 55 vol.% powder loading ( Fig. 14) a bimodal distribution of the grains was observed. In addition to small grains, a little bigger than in the 52% material, big grains (over 40 urn) can also be seen. While the small grains exhibit again an intergranular fracture mode, the big grains present a transgranular fracture mode, and in fact they appear to be working as critical defects of the material. These big grains appear poorly bonded to those around them and contain a significant number of small pores. The latter is consequence of their origin; these grains have been formed from the merging of smaller grains. Some of the pores surrounding the small grains could not be eliminated during the sintering process and they have been trapped in the merged grain. Consequently we think that these big grains are responsible for the reduced mechanical properties in this material.
Finally, in the PIM samples with 58% vol. powder loading (Fig. 15 ) a fractography very similar to the uniaxial compaction material was observed: cavities and holes with sizes over 10-15 urn very localized and close between them, poorly compacted zones, and grains that are poorly bonded with abundant microporosity around them. On the other hand, it was also found (Fig. 16 ) that there are quite long flaws due to the sintering process perpendicular to the fracture surface. In some cases these flaws almost cross the complete fracture surface. All these facts contribute to the sharp drop in mechanical properties, to similar or lower values than those obtained by uniaxial compaction.
Conclusions
A systematic sintering study of Ni-Zn ferrite specimens obtained by PIM and uniaxial compaction has been carried out. Samples obtained by both manufacturing processes present similar sintering curves; however the highest densification is achieved for samples processed by PIM where compacts with theoretical density as high as 95% were obtained. In both cases the optimum sintering temperature was 1250 °C; at higher temperatures significant grain growth was observed. The microstructure study showed that grain size increases with sintering temperature. In the case of uniaxially compaction heterogeneous grain growth were observed, and the presence of significant porosity even at the highest temperature was detected. In the case of PIM sample the grain growth was homogeneous and the presence of porosity was scarce at higher temperatures.
A very good correlation between magnetic properties, bulk densities and microstructures was found. At low sintering temperatures, samples processed by both methods present similar initial permeabilities as a consequence of similar porosity and grain size, while at temperatures higher than 1100 °C the permeability considerably increases, particulary in PIM samples due to the considerably decreased porosity. The values of relative loss factor found in the PIM and uniaxially compacted samples are quite suitable for high frequency applications, though these losses were lower in PIM samples. Notice the large size of some grains, and how they are decohesive from the rest of the grains.
Regarding mechanical behaviour, we have found a very good correlation between density and elastic modulus. PIM samples present higher density and elastic modulus compared with uniaxially compacted samples. These properties are enhanced with powder loading, with a maximum value obtained for samples with a powder loading of 55%.
In the case of flexural strength and fracture toughness, the best results were obtained for PIM samples with 52% powder loading. The improvement in these properties is excellent, reaching 150% over the reference material. Nevertheless, both properties decreased strongly with increased powder loading since this generated a bimodal grain distribution (55% vol.) and increases in pore size and number of cavities (58% vol.), which degrade the mechanical behaviour.
In summary, the powder injection moulding method has been successfully applied to the production of Ni-Zn ferrites. Furthermore, the magnetic and mechanical properties were clearly improved.
